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Structure-property relationship in ionomer membranes 
Ahmet Kusoglu, Anette M. Karlsson· , Michael H. Santare 
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1. Introduction 
Perfluorosuifonic acid (PFSA) membranes are sulfonated 
ionomers with d hydrophobic poly-tetrafluoroethylene (PTFE) 
backbone [1]. PFSA membranes have good ionic conductivity and 
thermo-mechanical stability and are therefore commonly used as 
electrolytes in electrochemical devices such as pro ton exchange 
membrane (rEM) fuel cells [ 1- 5J. 
The hydrophobic IYfFE-like backbone of the ianomer membrane 
maintains the structura l integri ty and the ionic (sulfonic acid ) 
groups can attach to water molecules. Thus. in the presence of water, 
hydrophilic water -fi lied ionic doma ins. or pores. are fo rmed enabling 
ion cond uctivity [2.6- 8[. Therefore. the mechanical properties (e.g. 
Young'S modulus) and the physical properties (e.g. conductivity) of 
the PFSA membrane are both di rectly linked to the nanostructure 
(e.g. pore shape and size). These properties can be engineered to 
meet the conductivity levels required fo r an efficient cell operation 
whi le maintaining the necessary structural stability [2- 5[. 
Swollen PFSA ionomers have a phase-separated morphology, 
where the water and ions form hydrophilic domains separated 
from the hydrophobiC polymer matrix [6.8- 181. Pioneering work of 
Gierke. Hsu and co-workers IB.I\[ introduced the duster-network 
model. i.e. spherica l water-filled ionic clusters connected with 
cylindrical water-filled channels. The water-fi lled doma ins are 
• Corresponding ~lIthor. Tel.: + ] 302 83] 6437. 
"·mail address; k~r]sson@lIdel.edll {A.M. K.!.r] sson j. 
dispersed in the polymer matrix with sulfonic acid (50 3) ionic 
groups located along the interface between the water and polymer. 
Since then. several other nanostructural descriptions h.lVe been 
proposed, including the stud ies by Dreyfus et al. [16[ on the 
distribution of clusters in the polymer matrix: by Gebel [6.171 on 
the t ransition from spherical- interconnected clusters to rod- like 
structure at high degree of swelling: by Haubold et al. [181 
suggesting a sandwich-like model for two-phase morphology: 
and recently by Schmidt-Rohr and Chen 171 w ho proposed a cylin-
drical water-fill ed channel model. Other possible interpretations of 
the two-phase nanostructure a re discussed in Gruger et al. [19]. 
Weber and Newman [201. Kim et al. [2i] and Termonia [221. 
Furthermore, rod-like polymeric aggregates w ith water pools 
residing among them have been suggested for highly-swollen PFSA 
ionomers [6.15.23.24]. An extensive discussion and comparison of 
the nanostructures can be found in refs. [1,7.25[ . 
However. a full description of the relationship between the 
nanostructure and mechanical properties in swollen PFSA 
membranes is yet to be established. In our previous work. we 
proposed mechanics-based models to determine Young's modulus 
of PFSA membranes in humid air [261. and to determine water 
content in PFSA as a function of humidity [27]. In this work. we will 
investigate the innuence of temperature and water content on the 
structure-property relationshi p by extending the previous work on 
Young's modu lus [261 to high water contents and. with the help of 
our previously-developed sorption model [27], to sub-zero 
tempera tures. Specifically, we aim to discuss, from a mechanics 
perspective, the evolution of the nanostructure-property 
relationships in PFSA membranes during water uptake. We will 
base the discussion on our published [28,29] and unpublished 
experimental data, and other researchers’ published work on 
morphology and water content of these membranes [6,7,19,20,22]. 
2. Theory and model 
2.1. Evolution of nanostructure with water uptake 
In the presence of an external water source, water molecules 
diffuse into the PFSA membrane by attaching to the hydrophilic 
ionic sulfonic acid (SO3
3) groups, resulting in growth of the water-
ﬁlled ionic domains that are surrounded by the hydrophobic 
backbone [2,6,8,18–20,30,31]. This corresponds to the macroscopic 
swelling in the membranes. The number of water molecules 
attached to each ionic (SO3
3) group is designated l, and is related to 
the water uptake in the membrane: 
Wswollen 3Wdry½H2O p p fw Vwl ¼ h i ¼ ¼ ; (1) 
Wdry 13 fwSO3 p Vp3 
where Wp is the weight of the polymer membrane, fwð¼  13 fpÞ is 
the water volume fraction, and Vw and Vp are the molar volume of 
water and dry polymer, respectively. Vp is related to the equivalent 
weight (EW) and density, rp, of the membrane through the equa­
tion, Vp ¼ EW=rp. 
In our previous work [26] we proposed a mechanics-based 
model to determine Young’s modulus of vapor-equilibrated PFSA 
membranes (swollen in humid air) based on the morphological 
descriptions of this polymer at moderate water content as 
described in the literature [6,8,11,16,20,21]. In that work, we 
introduced the Sphere-Channel Representative Volume Element (RVE) 
comprised of a cubic volume element of length, d, which contains 
a single spherical cluster of diameter, ds, and four cylindrical 
channels of diameter, dch, lying on the diagonals of the cube (Fig.1A) 
[26]. The idealized geometry is chosen to be isotropic, corre­
sponding to the experimental observation of in-plane isotropy [29]. 
Since both Young’s modulus and conductivity change with 
changes in the morphology of the water-swollen PFSA membranes, 
the geometric features of the water domains used to model Young’s 
modulus should be related to those used to characterize conduc­
tivity. The conductivity of PFSA membranes, kc, increases with 
water uptake (or swelling) [3,5,6,8,32–39] and is assumed to be 
related to the water volume fraction according the equation, kcff
s 
w 
where the exponent, s, is empirically determined to be between 1.0 
and 1.95 [8,33,35,36]. This relationship can be attributed to the 
growth of water-swollen ionic domains: both the interconnecting 
channels and spheres expand during water sorption [6,10,21,35,39– 
41]. The exact relationship between conductivity andwater content 
is complicated and controlled by various transport mechanisms as 
well as the properties of the channel-like porous structure 
[8,34,35,39,42–45]. However, in order to incorporate the concept of 
expanding water-channels into our model, we have simply intro­
duced a geometric channel parameter, k ¼ dch=ds (Fig. 1A) [26]. In  
our previous work we showed that when k is set to the water 
volume fraction (i.e. k ¼ dch=ds ¼ fw) the model predictions for 
Young’s modulus of PFSA membranes match the experimental data 
quite well [26]. Proportionally of k to fw suggests that the size of 
the interconnecting channels increase with water uptake, which 
might be associated with the increase in conductivity. Thus, using 
water-ﬁlled interconnecting channels in our model for Young’s 
modulus is consistent with the conductivity behavior. The 
temperature-dependence of the conductivity is well documented 
in the literature [3,5,34,36,38,46–48]. However, we will here, for 
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Fig. 1. Representative volume elements (RVEs) used in the mechanics model for water 
domains in the form of (A) spherical clusters with interconnecting cylindrical channels, 
and (B) cylinders. (C) Mechanical analogy for the elastic deformation of the RVEs 
(adapted from ref. [26]). 
simplicity, assume that the pore shape and connectivity in the 
nanostructure is not inﬂuenced by the temperature, since there is 
evidence to support this elsewhere [36,49]. The temperature 
dependence can easily be incorporated in an extension of this work. 
2.2. Model for Young’s modulus of PFSA in water vapor 
We previously developed a mechanics-based modeling frame­
work to characterize the distribution of the load-bearing hydro­
phobic regions and the water absorbing hydrophilic domains in the 
assumed RVE [26]. This model was shown to capture the elastic 
behavior of vapor-equilibrated PFSA membranes with low to 
moderate water volume fractions ð0 < fw < 0:25 or 0 < l < 15Þ. 
Wewill here extend themodel to consider alternate nanostructures 
and higher water contents. We assume that in tension, the 
mechanical force is carried by the solid phase of the ionomer (i.e. 
the polymer matrix) surrounding the cluster and channels, while 
the water and ions form the pores that act as a non-load-bearing 
void. Consequently, the ratio of (effective) Young’s modulus of the 
swollen ionomer, Eeff , to that of the PTFE-like polymer matrix, Epm, 
can be associated with the fraction of the load-bearing effective area 
of the polymer matrix, Aeff ð¼  ApmÞ, to the total area of the RVE, A: 
( )Eeff Aeff Apm Apore¼ ¼ ¼ 13 ¼ g fpore (2)Epm A A A 
In Eq. (2), the function g represents the conversion of the volume 
fraction of the pores (water and ions), fpore ¼ fw þ fion, to the 
pore area fraction, Apore =A, based on the projection of the RVE 
geometry onto the surface perpendicular to the loading direction 
(Fig. 1A). The derivation of gðfporeÞ is outlined in our previous work 
[26]. Thus, the water content is assumed to affect only the pore size 
and shape, and determines the effective load-carrying area. The 
temperature dependence of the PFSA is incorporated via 
a temperature-dependent Young’s modulus of the polymer matrix, 
Epm. Experimental investigations suggest that Young’s modulus of 
PFSA membrane changes with temperature even at very low water 
contents [26,29,50,51]. Based on the geometric assumptions in 
our model, the diameter of the spherical pores divided by the 
RVE length increases with pore fraction according to 
dpore =dyds =d ¼ f0:30 [26].pore 
The polymer matrix fraction, fpm ¼ 13 fpore, can be used as an 
alternative to the pore volume fraction, fpore, in Eq. (2). In this case, 
the function on the right-hand side of Eq. (2) can be written in the 
form of a power-law relationship: 
Eeff ¼ fm ¼
( )m 
(3)pm 13 fporeEpm 
where m is the scaling exponent characterizing the structure-
property relationship and is found to be m ¼ 3.62 for the sphere-
channel model (see ref. [26] for details). 
Since the ionic groups cluster even in a dry membrane 
[6,11,52,53] the model reduces to a spherical cluster in a cubic RVE 
without channels when the membrane is completely dry 
ðk ¼ 0zfwÞ. Thus, for this case, fpore ¼ fion. If we assume that the 
interconnecting channels never form and all the pores remains 
spherical, then the relative scale of the spherical pores is slightly 
different, dpore =d ¼ f0:33 , and Eq. (2) simpliﬁes to pore
Eeff ¼ 13 Cgf2=3 pore (4)Epm 
where the geometrical factor is Cg ¼ ð9p=16Þ1=3 ¼ 1:208 [26]. For 
spherical water domains, the scaling exponent in Eq. (3) becomes 
m ¼ 1.9. Thus, we see that the scaling exponent is a function of 
geometry and structural connectivity. 
When the membrane is dry, fw ¼ 0, and consequently 
dryfpore ¼ fion , the pores correspond to the clustered ionic sulfonic 
acid groups. In this case, Eq. (3) provides a relationship between 
Young’s modulus of the polymer matrix (excluding the ionic clus­
ters), Epm, and Young’s modulus of the dry PFSA membrane 
(including the ionic clusters), Edry, which is a function of tempera­
ture only. Therefore, the effective Young’s modulus can also be 
rewritten in terms of Edry: 
fmEpm pm VSO3 40:94and fdry¼ ( )m ¼ z : (5)ionEdry 13 fdry Vp EW=rpion 
Based on this model, Young’s modulus of dry PFSA of 1100 EW at 
room temperature is predicted to be 254 MPa [26]. This value is 
similar to those reported for an almost dry PFSA (measured at 
RH < 5%) in a number of studies: 250–270 MPa depending on 
strain-rate in ref. [54]; 225 MPa [50,55,56]; 225–250 MPa [56]. 
2.3. Model for Young’s modulus of PFSA in liquid water 
It is well documented that liquid water-equilibrated PFSA 
membranes (swollen in liquid water) have different physical 
properties than those swollen in water vapor (humid air) 
[6,10,19,28,35,39,42,43,47,57]. This difference may be attributed to 
signiﬁcantly higherwater contents l ¼ 21 3 24ðfw ¼ 0:40 3 0:45Þ 
in liquid water with relatively weak temperature dependence 
[19,39,42,43,47]. Pretreatment of the membrane can also affect the 
maximum water uptake in liquid water [42,47]. Since the experi­
mental data used in this work is obtained from the testing of 
preboiled PFSA membranes [29], for consistency we will only use 
the sorption data obtained for the membranes subjected to the same 
pretreatment. 
For water volume fractions higher than 0.45, it is difﬁcult to 
obtain a physically reasonable geometry and packing of the 
spherical cluster-channel model proposed in the previous section. 
Interestingly, recent work by Schmidt-Rohr and Chen [7] suggested 
an alternative model for the nanostructure of swollen PFSA 
membranes: parallel water-ﬁlled cylindrical nano-channels 
distributed in the polymer backbone with ionic groups along the 
interface between the water and polymer. This model has been 
shown to capture the experimental scattering curves better than 
spherical cluster-channel models at high water contents [7]. Also, 
the nanostructure of a highly-swollen PFSA membrane has been 
shown to be comprised of repeating PTFE units, similar to the 
helical molecular structure of PTFE, surrounding thewater domains 
[14,19,58]. In light of these results, we propose an alternative model 
for highly-swollen PFSA membrane: cylindrical water domains 
surrounded by polymer backbone in hexagonal RVEs (Fig. 1B). For 
this geometry, the relative diameter of the cylindrical pores varies 
with pore fraction through the relation dpore =d ¼ dc =d ¼ f0:50 pore. 
This results in an in-plane, transversely isotropic behavior of the 
membrane. 
Using the same geometric derivation described previously for 
the spherical water domains, the effective modulus for the cylin­
drical RVE becomes 
Eeff Aeff 2 dc¼ ¼ 13 ¼ 13 Cgf1=2 ¼ fm (6)pore pmEpm A 3 d 
where the geometrical factor is Cg ¼ 1.2121, and the scaling 
exponent is m ¼ 2.41. 
3. Results and discussion 
3.1. Young’s modulus of vapor-equilibrated PFSA membrane 
Model predictions for Young’s modulus as a function of water 
volume fraction for PFSA membrane of 1100 g/mol EW at 25 DC are  
depicted in Fig. 2. The results shown are for the spherical domains 
with channels and without channels. These are compared to the 
experimental data for vapor-equilibrated PFSA membrane obtained 
at various water volume fractions between 0.08 and 0.25 [29]. 
Young’s modulus of the polymer matrix, Epm and of the dry 
membrane, Edry, are included for comparison. The ﬁgure suggests 
that including expanding interconnecting channels in the RVE, in 
addition to the spheres, gives the best agreement with the exper­
imental data in this range of water content. 
3.2. Young’s modulus of liquid-equilibrated PFSA membrane 
Model predictions and experimental data for Young’s modulus 
for 1100 EW PFSA membrane equlibrated in liquid water are 
depicted in Fig. 3 at selected temperatues [28]. The standard 
1 Structural factor is determined from the geometry of cylinder and hexagon as: pﬃﬃ ﬃ 
Cg ¼ 3ð12 3=2pÞ2 =2. 
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250 changing water content. Eq. (3) can be used to determine the 
effective Young’s modulus for all the selected geometries by 
changing the scaling exponent, m, to the values 1.9, 3.62 and 2.41 200 
for the spherical, sphere-channel and cylindrical water domains, 
respectively. The model predictions for the normalized effective 
Young’s modulus (Eeff/Epm) based on all three geometries are 
plotted in Fig. 4 together with the experimental data [28,29]. 
Note that, within the context of the model, temperature 
affects only the polymer matrix modulus, Epm (see Eq. (8)). 
50
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Fig. 2. Young’s modulus of PFSA membrane as a function of water volume fraction at 
25 DC: model predictions (solid lines) vs. experimental data for vapor-equilibrated 
membrane (markers) [29]. 
deviation of the measured water volume fraction of the membrane 
is fw ¼ 0:41 ± 0:02ðl ¼ 22 ± 2Þ. Therefore, the model predictions 
for Young’s modulus, Eq. (6), are plotted in Fig. 3 within these 
limits (shaded area). For comparison, the predictions of Eq. (3) 
based on sphere-channel and sphere only water domains 
(m ¼ 3.6 and 1.9, respectively) are included in Fig. 3 for the water 
content of l ¼ 22. As can be seen from Fig. 3, the calculated 
Young’s modulus based on cylindrical water domains gives the 
best agreement with the measured values, suggesting that the 
best structural description for the liquid-equilibrated PFSA 
membrane is cylindrical water-ﬁlled pores. Also, the ratio of the 
water-ﬁlled pore diameter to the thickness of the backbone 
separating these pores is found to be 4.5, which is in agreement 
with the values reported in the literature for swollen PFSA 
membranes [7,8,14]. 
150 
Thus, by normalizing Young’s modulus with Epm, the  
temperature-dependence is not shown in Fig. 4, and only the 
inﬂuence of water content on the elastic response is displayed 
explicitly. 
Recall that the dry membrane has clustered SO3 
3 ions in spher­
ical form and therefore has a lower Young’s modulus (Edry) than the 
polymer matrix alone (which actually is a hypothetical material, 
Epm). This is represented by the shaded region, fion, in  Fig. 4, cor­
responding to a theoretical transition range. For low pore fractions, 
fpore< 0.1, the difference between the model predictions for 
spherical and sphere-channel geometries is small and therefore 
difﬁcult to distinguish experimentally (Fig. 4). However, based on 
the experimental evidence of the existence of spherical ionic 
clusters [6,11,52,53], we believe that the porous domains are most 
likely to be spherical, with a small amount of water attached to the 
ionic groups. When the water volume fraction (and consequently 
the pore fraction) increases, the sphere-channel model appears to 
become a more accurate description of the nanostructure. Since the 
critical water fraction for the initiation of ion conduction (percola­
tion) has been shown to be less than fpore ¼ 0:10 for PFSA 
membranes [8,33,35], this may be associated with the threshold 
for the formation of interconnecting channels between spherical 
domains. From low to moderate water contents 
ð0:1 < fpore < 0:3; 2 < l < 15Þ, the model with spheres with 
expanding channels demonstrates good agreement with the 
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Fig. 3. Predictions of the mechanics model for Young’s modulus of PFSA membrane pore w + φion
equilibrated in liquid water as a function of temperature compared to the experimental 
data [28]. Three models are considered: water domains in the form of (i) spheres, (ii) Fig. 4. Predictions of normalized Young’s modulus of PFSA membrane as a function of 
spheres with expanding cylindrical channels, and (iii) cylinders. The model predictions pore volume fraction compared with the experimental data from Tang et al. [29] 
for cylindrical water domains are shown as a band where the upper and lower limit (vapor-equilibrated) and Kusoglu et al. [28] (liquid-equilibrated). Three models are 
corresponds to the standard deviation in the measured water content, considered: water domains in the form of (i) spheres, (ii) spheres with expanding 
fw ¼ 0:42 ± 0:02. The other two models are plotted for fw ¼ 0:42. interconnecting channels, and (iii) cylinders only. 
0 
50 
experimental data. However, for higher water contents modulus data2 we have developed for temperatures below zero, 
ð0:36 < fpore < 0:50; 15 < l < 22Þ, the cylindrical model gives E*ðRH; T < 0Þ, to validate the Young’s modulus predicted by the 
a better representation of the measured Young’s moduli (Fig. 4). model Eeff ðRH; T < 0Þ. The experimental data is limited due to the 
Thus, when the water is conﬁned in cylindrical domains instead of difﬁculties associated with controlling and measuring the relative 
a sphere-channel network, the ionomer gets stiffer relative to the humidity at low temperatures. In summary, the general approach 
sphere-channel approximation. In the model, this is due to the fact taken in the following is 
8	 9N >	 > < 0RH/ fw =MODELEpmðT < 0Þ0 0Eeff ðRH; T < 0Þ%E* ðRH; T < 0Þ	 (7) > ELASTIC > :	 ;0fw/ EeffMODEL 
that more of the hydrophobic polymer matrix becomes load- We ﬁrst need to explore the applicability of the models, i.e. the 
bearing in the cylindrical conﬁguration as compared to the assumption that that the water domains in the membrane remain 
sphere-channel geometry. in a liquid phase and therefore act as voids in tension at sub-zero 
These results reveal some interesting features regarding the temperatures. The water in PFSA membrane is classiﬁed as non­
vapor-to-liquid transition of PFSA membranes: the change in the freezable if it is strongly bound to the backbone and freezable if it is 
scaling exponent, m, (due to a possible change in the morphology, free to move and expected to crystallize upon cooling. The number 
porous structure etc.) is consistent, at least qualitatively, with the of non-freezable water molecules in a PFSA membrane is reported 
ﬁndings of conductivity and sorption behavior of PFSA membranes to correspond to l w 6–7, independent of the initial water content 
in this regime ð15 < l < 22Þ [20,35]. The conductivity of the PFSA of the membrane at room temperature [36,38,39,46,62], with the 
membranes increases during water uptake [6,8,32,34–39,59], remaining water, if any, being freezable. Thus, the higher the 
probably due to larger hydrophilic domains [2,6–8,19,35,39,45,59]. membrane’s initial water content at above-zero temperatures, 
In a similar manner, increasing water leads to a decrease in the the higher the amount of freezable water the membrane will have 
fraction of load-bearing hydrophobic domains and consequently upon cooling [36,38,46]. The freezing temperature of water in 
reduces Young’s modulus. a highly hydrated PFSA membrane (l w 18–24) is around 32 to  
In this work, we use the (nano-) structure to predict the 35 DC, thus close to that of pure water [36,46,48,63]. However, the 
mechanical properties. The surface energy, as well as the size and freezing temperature gradually decreases with decreasing water 
the shape of the domains, are all related through the electro-static content and eventually reaches 340 to 350 DC for low water 
interaction energy, which can be used to study the structure and contents (l < 4–6) [36]. This is attributed to the depression of the 
clustering [8,60,61]. This could, for example, explain the transition freezing point with decreasing water content in PFSA membranes 
in the structure from spheres to cylinders. However, there are many [36,38,39,46,48,62]. Observations also indicate that the conduc­
challenges involved with developing a complete model starting tivity of PFSA membrane continues to decrease when the temper-
with surface and interaction energy to predict mechanical ature decreases below 0 DC [36,46,48] and almost vanishes at 
properties, due to the high number of independent parameters around 345 DC [36,38]. Based on these observations, we will 
characterizing the electro-chemical interactions and therefore such assume the water in the membrane to be liquid, without any ice 
a model is beyond the scope of this work. formation, for the temperature-water content range of interest 
(T>340 DC, l < 7) [36]. 
3.4. Extension of model to sub-zero temperatures	 The polymer matrix modulus, Epm, calculated from the simul­
taneous solution of the two models is found to increase with 
The mechanics-basedmodel developed in this paper is shown to decreasing temperatures (Fig. 5A) obeying an Arhenius type 
capture the experimentally observed elastic behavior of PFSA	 relationship 
membrane above room temperatures. We will now show how we	 [ ( )]
EpmðTÞ Eae;pm 1 1can employ these models to predict Young’s modulus at tempera- ¼ exp 3 ;	 (8)
Epmð298Þ R T 298tures below 0 DC. One main challenge to this analysis is the lack of
 
information in the literature on the relationship between the
 where Eae,pm is the activation energy, R is the universal gas constant 
membrane’s water content, l, and humidity at low temperatures. and T is the absolute temperature [K] with 298 K being the refer-
To overcome this challenge, we will use the mechanics-based ence temperature. The activation energy is found to be 10.66 kJ/mol, 
model we developed previously for the sorption behavior of PFSA very close to that reported for PTFE [64]. This is not surprising, since 
membrane [27]. This model predicts the water fraction, fw, (or our results are in agreement with the experimentally observed 
water content, l) as a function of relative humidity, RH, for a given trends for the temperature-driven decrease in Young’s modulus of 
temperature-dependent polymer matrix modulus, EpmðTÞ (see PFSA membrane [9,62,63] and of PTFE [65] at sub-zero 
Appendix). Thus, by combining (i) the mechanics model (we temperatures.
 
presented here that predicts the effective Young’s modulus, Eeff, as 
  Using the calculated Epm at sub-zero temperatures, we can ﬁrst 
a function of water fraction, fw) and (ii) the sorption model [27] determine the approximate water volume fraction for a given 
(that predicts water fraction, fw, as a function of relative humidity at temperatures below 0 DC and then use this value in 
humidity, RH), we can predict Young’s modulus at below-freezing the micro-mechanics model presented in section 2, to calculate the 
temperatures. We note that Young’s modulus of the polymer effective modulus for the sphere-channel water domain model. The 
matrix, EpmðTÞ, is a temperature-dependent parameter in both 
models. Thus, once we know EpmðTÞ at sub-zero temperatures, i.e. 
T < 0, we can ﬁnd both the water fraction and the effective 2 Experimental data for Young’s modulus at freezing temperatures is obtained as 
modulus as a function of relative humidity. In order to determine	 part of our on-going research on the tensile testing of PFSA membranes at temper-
EpmðTÞ for T < 0, we will use a limited set of experimental Young’s	 atures below zero. 
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proposed model predictions for Young’s modulus at sub-zero 
temperatures are in good agreement with the preliminary experi­
mental data (Fig. 5B). We note that when the sorption model 
adopted from our previous work [27] is used to convert humidities 
to water volume fractions instead of formulations from the litera­
ture (e.g. refs. [34,66] and [26]), the model predictions still agree 
well with experimental data through a wide range of temperatures 
(from 320 DC to 85  DC). 
4. Scaling behavior: analogy to other porous structures 
Up to now, we have shown how the geometry of the porous 
water domains affects Young’s modulus of PFSA membranes; in 
particular that the structure-property relationship of swollen PFSA 
membranes can be characterized by the scaling exponent, m, which 
depends solely on the shape of the water domains in the nano­
structure (see Eqs. (5)–(6) and Fig. 4). We will now discuss the 
structure-property relationship of other porous materials and 
compare their scaling exponents with those found for PFSA 
membranes in the present work. 
4.1. Foam structures 
The mechanical behavior of porous cellular structures (or foams) 
is commonly characterized by relating the elastic properties to the 
density, or volume fraction of the solid phase, fsp, and structural 
features of the solid (e.g. topology, interconnectivity and pore 
shapes) [67]. The upper and lower limits for the scaling behavior of 
the modulus are characterized by the scaling exponent m¼1 (in Eq. 
(3)) for closed-cell structures, where the solid faces contribute to the 
mechanical response, and m ¼ 2 for open-cell structures, where 
only the edges are solid and contribute to the mechanical response 
[67–69]. If the effective modulus, as a function of the fraction of the 
solid phase of the PFSA, is plotted in a logarithmic scale, the scaling 
exponents represent the slope (Fig. 6). The dominant mode of 
deformation (e.g. bending or axial stretching) is also another 
important factor for the modulus-fraction scaling behavior [67,68]. 
For the purposes of calculating the tensile modulus, PFSA 
membrane can be considered a porous network even though the 
pores are ﬁlled with water. For example, Termonia [22] suggested 
that with increasing water fraction the plate-like backbone in the 
nanostructure of PFSA membrane stretches into narrow ribbons 
connected at entanglement points. This molecular level description 
can be interpreted as a transition from closed-cell to open-cell 
behavior. We note that predictions for the open-cell foam (m ¼ 2 
in Fig. 6) demonstrate a trend similar to our model predictions for 
spherical water domains (for which m ¼ 1.9). However, the scaling 
exponent for swollen PFSA membrane (mw3.6) is much higher 
than those given for foams (mw1–2) (Fig. 6). This deviation can 
be attributed to the fact that, in the sphere-channel model, some of 
the solid regions are ineffective due to the connectivity of the pores 
and therefore do not contribute to the mechanical stiffness. 
4.2. Aerogels 
Aerogels are highly porous materials obtained by removing the 
liquid part of the wet gel (Alcogel) without altering the solid 
structure. The gel network has a self-similar dendritic nano­
structure consisting of pores of varying size (nano to micro-meter 
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in size) [70] interconnected through micro-particles. The structure 
gets stiffer with increasing connectivity, e.g. the diameter of the 
solid bridges connecting the particles [71,72]. The mechanical 
properties scale with the density, but it is the connectivity that 
determines the scaling behavior [72–75]. Thus, the scaling expo­
nent is attributed mainly to the connectivity between these parti­
cles (or pores) [74,75], which might change with the processing 
(gelation, aging and shrinkage), but not with the structural features 
inside the clusters, e.g. fractal dimension, spectral dimension, 
tortuosity [73,75,76]. Thus, from a mechanics perspective, under an 
applied tensile load, both aerogels and ionomers can be considered 
structurally as interconnected solids surrounding the voids with 
zero tensile modulus.3 
Interestingly, the scaling exponent, m, for PFSA is very similar to 
those reported for aerogels made from silica gels: 3:2 � m � 3:7 
(depending on the processing) [74–77] and a little lower than 
colloid gels, for which m ¼ 4 [78]. It has been shown that the 
cellular solid analogy does not capture the scaling behavior of 
aerogels, since not all solid areas contribute to the load transfer 
[72]. Thus, even though the PFSA ionomers and aerogels are very 
different in nature, they have a similar scaling behavior for Young’s 
modulus, suggesting that their geometric nanostructural features 
could be correlated and should be investigated further. These 
observations are consistent with our hypothesis that the structure-
property relationship of ionomers and aerogels can be similarly 
studied using only the geometric features of their nanostructure. 
5. Concluding remarks 
The structure-property relationship in PFSA membranes 
exposed to humidity and temperature changes is investigated using 
a mechanics-based approach for a number of possible representa­
tive geometries. Our results suggest that Young’s modulus is 
controlled by the morphology and water content of the membrane. 
This ﬁnding, when considered together with the well documented 
water-dependence of the conductivity, indicates a correlation 
between the physical properties (e.g. conductivity) and mechanical 
properties (e.g. Young’s modulus). Unfortunately, environmental 
conditions that improve the conductivity might be detrimental to 
the mechanical properties. For example, larger water uptake at 
a given temperature leads to an increase in the fraction of hydro­
philic pore-like water-swollen domains, and consequently the 
fraction of hydrophobic polymer backbone decreases. The ﬁrst 
effect may be associated with enhanced conductivity, whereas the 
latter is shown to lead to a reduction in Young’s modulus. The effect 
of temperature on the modulus of the membrane can be associated 
with the temperature-dependent modulus of the polymer 
backbone. 
A comparison between experimentally measured Young’s 
modulus and the predictions of our proposed model, for selected 
representative geometries, reveals a possible nanostructural tran­
sition during sorption. At low water contents (l<2–3) the nano­
structure of the membrane can be characterized by spherical, 
hydrophilic domains distributed in the hydrophobic polymer 
matrix. With increasing water uptake, channels connecting these 
spheres form. These channels expand, along with the spheres, with 
increasing water content, l, leading to an interconnected porous 
structure. However, at higher water contents between saturation in 
3 This conclusion may change for compressively loaded structure depending on 
the ﬂuid occupying the material voids. An investigation of compressively loaded 
structure is left for a future study. Furthermore, physical properties (e.g. conduc­
tion) might change due to the ﬂuid occupying the voids, but such investigation is 
beyond the scope of the current paper. 
vapor and equilibrium in liquid water, i.e. (15<l<25), a nano­
structure consisting of cylindrical water-ﬁlled domains surrounded 
by the PTFE backbone provides a better ﬁt to the measured 
properties. 
The morphologies discussed here for the PFSA ionomers have 
been suggested based on scattering experiments [6,15,17–19,21,37] 
and theoretical models [7,20,22,45] in the literature. This work 
combines these ﬁndings with our mechanics-based nanostructural 
models, suggesting a structural transition with water uptake based 
on the concept that the mechanical properties are dominated by 
the morphological changes. Moreover, comparison of the scaling 
behavior for the PFSA membrane (based on our model and exper­
imental data) and that for other porous materials suggest that the 
connectivity of the structural porous network for the swollen 
ionomer membranes is closer to that for an aerogel than it is for 
open- or closed-foams. We believe the ﬁndings presented here 
provide a clear indication of the structure-property relationships in 
ionomer membranes. 
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Appendix 
Here we review the sorption model for PFSA membranes 
proposed by Kusoglu et al. [27]. In swelling equilibrium, the 
conﬁning pressure applied by the polymer matrix on the water 
domains is balanced by osmotic swelling pressure of the water 
domains (i.e. the tendency of external moisture to diffuse into the 
membrane and increase the swelling). Therefore, if the relationship 
between the swelling pressure and the water volume fraction is 
known, the sorption behavior can be determined. An analytical 
model was proposed by Kusoglu et al. [27] to calculate the swelling 
pressure as a function of water (or polymer) volume fraction, using 
a discrete-parameter mechanics approach, based on the nano­
structure of PFSA membranes. 
The deformation of the polymer matrix with Young’s modulus, 
Epm, due to the growth of the water domains is characterized 
analytically, based on the RVEs idealizing the nanostructure of the 
swollen PFSA. From the compressive force generated in the poly­
mer matrix during the growth of water domains, we can deﬁne the 
swelling pressure, P, as  
8 9 0 1 <h ( )i 13 f1=n = 31=3 poreP ¼ Epm 1þ k ð13 fwÞ 31 @ A 3 1 (9) : 13 fdry1=n ;pore 
where k is the non-afﬁne swelling ratio, a measure of the relation­
ship between the macroscopic swelling (of the sample membrane) 
and the microscopic swelling (of the water domains in the nano­
structure), fdry is the pore (water þ ion) volume fraction in the dry pore 
membrane and n is a factor depending on the geometry of the 
water domains. For cylindrical domains, n¼ 2 which was shown to 
yield good agreement with the measured sorption data [27]. The 
thermodynamic equilibrium for the PFSA polymer and the external 
water can be written as [79,80] 
ap Vwln ¼ 3  P (10)
aw RT 
where aw is the activity of the water external to the polymer (or 
relative humidity of the surrounding air), and ap is the activity 
internal to the polymer, T is the absolute temperature, R is the 
universal gas constant, P is the swelling pressure applied by the 
polymer matrix to the water domains and Vw is the molar volume 
of water. The water content within the membrane consists of 
Fchemically bound water, lB, and free water, l [10,36,80–82]. The 
water activity within the membrane can be approximated as the 
mole fraction of the free water within the membrane, i.e. 
F F ap ¼ l =ð1þ l Þ [80–82]. The formulation for bound water as 
a function of water activity is taken from [81,82]. Consequently, the 
following implicit expression (from Eq.(10)) can be used to analyze 
the sorption behavior of PFSA membrane with the help of the 
pressure formulation in Eq. (9) 
[ ]
lF ðfwÞ RH Vw 
F ¼ exp 3 Pðfw; TÞ : (11)1þ l ðfwÞ 100 RT 
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